Optimization of the dietary formulation is the most effective way to reduce methane. Nineteen feed ingredients (brans, vegetable proteins, and grains) were evaluated for their potential to generate methane and change methanogen diversity using an in vitro ruminal fermentation technique. Feed formulations categorized into high, medium and low production based on methane production of each ingredient were then subjected to in vitro fermentation to determine the real methane production and their effects on digestibility. Methanogen diversity among low, medium and high-methane producing groups was analyzed by PCR-DGGE. The highest methane production was observed in Korean wheat bran, soybean and perilla meals, and wheat and maize of brans, vegetable protein and cereal groups, respectively. On the other hand, corn bran, cotton seed meal and barley led to the lowest production in the same groups. Nine bacteria and 18 methanogen 16s rDNA PCR-DGGE dominant bands were identified with 83% to 99% and 92% to 100% similarity, respectively. Overall, the results of this study showed that methane emissions from ruminants can be mitigated through proper selection of feed ingredients to be used in the formulation of diets.
INTRODUCTION
The greenhouse effect of methane is 20 to 50 times that of carbon dioxide (Beauchemin and McGinn, 2005) . Owing to the rising concern regarding global warming, researchers are now conducting studies to identify methods of mitigating methane emissions through manipulation of the ruminant diet. Protein, starch and plant cell walls consumed by ruminants are primarily hydrolyzed by microorganisms such as bacteria, protozoa and fungi to produce amino acids and sugars, which are further metabolized by the primary or secondary microorganisms, leading to the production of volatile fatty acids (VFA), hydrogen, carbon dioxide and ammonia (Moore and Dalva, 1997; Zhou et al., 2001; Lee et al., 2003) . Accumulation of hydrogen inside the rumen as a major end product of fermentation does not occur since other bacteria, mainly methanogens, utilize the hydrogen to produce methane.
Effects of many factors affecting enteric methane production such as feed intake, digestibility, species, physiological state, concentrates and roughage ratio (Moe and Tyrrell, 1979) are being investigated. McDonald et al. (1995) reported that carbohydrate content in the raw materials of feed contributes 40% to the total gas production. While structural carbohydrate content in plants impact the generation of methane (Kimihiro and Matsui, 2008) , crude proteins are also metabolized, generating NH 4 , which is subsequently utilized to form methane. The established consortium between methanogens and cellulolytic rumen microbes facilitates the production of methane from the feed crude fiber metabolism (Getachew et al., 1998) . This scenario describes how methane production is affected by the nutritional content of the ruminant feed. In the present study, the impact of different feed nutrients and their correlation to each other and level of methane production were determined. Methane emissions and other fermentation parameters from individual feed ingredients in each group (brans, vegetable proteins and cereals) were determined using an in vitro ruminal fermentation technique. In addition, changes in the diversity of methanogenic microbes with respect to levels of methane production were investigated.
MATERIALS AND METHODS

Experimental feeds and experimental design
Nineteen different feed ingredients with known nutrient compositions were used in this study. The ingredients were divided into three groups, brans (corn gluten feed, palm kernel and wheat from China and Korea), vegetable proteins (cottonseed meal, soybean meal, rapeseed meal, coconut meal, lupine seed, Distillers dried grain makgeolli by-product, corn distillers dried grain with solubles, corn gluten, perilla meal, and whole soybean), and cereals (barley, corn, corn flakes, and wheat). Representative samples of domestically produced and soybean meals from Brazil were the substrates used in this study. These concentrates were individually evaluated for their capability to produce methane using in vitro rumen fermentation. Table 1 shows the nutrient content of each feed ingredient as analyzed by the Association of Official Analytical Chemists (AOAC, 1990).
A feed formulation was then determined based on methane production of each concentrate ingredient in a group. The formulations were categorized as high (corn gluten feed, soybean and perilla meal, corn), medium (corn gluten feed, rapeseed and coconut meal, wheat) and low (corn gluten feed, palm kernel, distillers dried grains and barley). The formula diets were then subjected to in vitro fermentation to determine the methane production, as well as its effects on digestibility and methanogen diversity.
Rumen fluid collection and buffer preparation
Ruminal fluid was collected from ruminally cannulated Holstein cows (average weight 650 kg) fed twice a day with concentrate and rice straw at a 2:8 ratio. One percent dry matter of each diet was included in the in vitro fermentations. The buffer used in the study was composed of (per liter) 0.45 g K 2 HPO 4 , 0.45 g KH 2 PO 4 , 0.9 g (NH 4 ) 2 SO 4 , 0.12 g CaCl 2  2 H 2 O, 0.19 g MgSO 4 7H 2 O, 1.0 g trypticase peptone, 1.0 g yeast extract, and 0.6 g cysteine HCl with a final pH of 6.9 (Asanuma et al., 1999) . Rumen fluid and buffer were mixed at a ratio of 1:3 and bubbled with nitrogen (N 2 ) gas. Twenty mL of buffered rumen fluid was anaerobically (O 2 -free N 2 gas) dispensed in serum bottles, and then sealed with butyl-rubber stoppers and aluminum caps. Each sample was replicated three times and maintained in a shaking incubator (80 rpm) at 39C. During incubation, in vitro fermentation parameters were monitored at 0, 2, 4, 8, 12, 24, 48 , and 72 h. Changes in methanogen diversity in the low, medium and high-methane producing groups of feed ingredients were analyzed using Polymerase Chain Reaction-Denaturing gradient gel electrophoresis (PCR-DGGE). Samples for PCR-DGGE were taken at 12, 24, and 48 h.
Analyses of in vitro fermentation parameters
Total gas production at different stages was measured in each of the serum bottles using a press and sensor machine (Laurel Electronics, Inc., Costa Mesa, CA), while pH was measured with a Pinnacle series M530p meter (Schott instruments, Mainz, Germany) after uncapping each of the bottles. NH 3 -N concentration was measured according to the methods developed by (Chaney and Marbach, 1962) .
One mL of the total gas produced during the in vitro fermentation process was used to determine the methane and carbon dioxide emitted during the incubation period. Gas chromatography (Agilent Technologies HP 5890) was conducted using a TCD detector with a Column Carboxen 1006PLOT capillary column 30 m0.53 mm (Supelco). Methane produced was estimated using the formula described by Ø rskov and McDonald (1979) . VFA and other metabolites were analyzed by high performance liquid chromatography (HPLC) (Agilent Technologies 1200 series, USA) with a UV detector set at 210 nm and 220 nm and a MetaCarb 87H (Varian, Germany) column using 0.0085 N H 2 SO 4 solvent applied as a buffer at a rate of 0.6 mL/min according to the methods described by Han et al. (2005) and Tabaru et al. (1988) .
Denaturing gradient gel electrophoresis
Fermented samples (preserved) taken at 0, 24, and 48 h were extracted using Wizard Genomic DNA Purification Kits (Promega, USA). Genomic DNA (gDNA) PCR amplification was performed using the 27F and 1492R primers for bacteria, while Met 86f and Met 915r were used for methanogens. DGGE was performed using a D-Code Universal Mutation Detection System (Bio-Rad, Hercules, CA, USA). To amplify the V3 region of 16S rDNA amplicons, the 341F-GC and 518R primers (Nübel et al., 1996) were used for bacteria, while ARC344f-GC and 519r were used for archaea.
Amplicons of the V3 region of 16S rDNA were used for sequence-specific separation by DGGE according to the specifications of Muyzer and Smalla (1998) . The DGGE gel was scanned at 400 dpi and similarity indices were calculated for pairs of DGGE profiles. The number of DGGE bands and similarity indices were calculated from the densitometric curves of the scanned DGGE profiles using the Molecular Analyst 1.12 software (Bio-Rad) and the Pearson product-moment correlation coefficient (Häne et al., 1993; Simpson et al., 1999) by the Central Microbiology Laboratory of SCNU in Korea. Bands of interest were excised from the gel, eluted in 50 L sterile distilled water and incubated overnight at 4C. Eluted gels were then amplified using non GC bacteria and archaea primers. The PCR product was purified with a QiaQuick PCR purification kit in accordance with the manufacturer's instructions, after which PCR products were sent to Macrogen, Seoul, Korea for sequencing. The results were compared to those in the GenBank database using the BLAST tool of the National Center for Biotechnology Information (NCBI) and EzTaxon.
Statistical analysis
All treatments were conducted in triplicate. PearsonProduct Moment Correlation analysis was used to determine significant relationships between and among the different parameters used in the study. A p<0.05 was considered to indicate statistical significance. All analyses were carried out using Statistical Analysis Systems (SAS) version 9.1 (2002).
RESULTS AND DISCUSSION
Feed ingredient evaluation
Increasing concentrates is one of the methane mitigation strategies. Commercially produced concentrates vary in their nutrient composition and thus may differ in their methane production. The detailed nutrient composition of feed ingredients is shown in Table 1 . According to their compositional characteristics, the feeds were grouped as brans, vegetable proteins and cereals. The highest total digestible nutrient (TDN) levels were found in palm kernel, whole soybean and corn flakes for the bran, vegetable protein and cereal groups, respectively.
The correlation analysis of different in vitro fermentation parameters of four feed ingredients categorized as bran is shown in Table 2 . The pH of feed ingredients was negatively correlated with all parameters except for the A/P ratio, which was also negatively correlated with all parameters except pH and CO 2 . Almost all correlations of fermentation parameters were significant (p<0.01, p<0.05) in the bran's group, except for the positive correlation of A/P with pH and CO 2 , and the negative correlation of CO 2 with acetic acid production (p>0.05). When vegetable protein ingredients were used as fermentation substrates, pH and A/P were positively correlated with each other, while the relationship of these two parameters with other parameters was found to be negative (Table 3 ). Significant correlations were observed for all parameters (p<0.01, p<0.05), except between pH and butyric acid (p>0.05). Similarly, the positive relationship of pH and A/P ratio was observed when cereal feed ingredients were used as the substrate, while correlations of other parameters to these two parameters were negative (Table 4) . Correlations observed were all significant (p<0.01, p<0.05), except for the positive correlation of propionic with butyric acid and negative relationship of butyric acid with the A/P ratio (p>0.05). Methane production in all three groups was positively correlated for all parameters except pH and A/P ratio.
Methane production from in vitro fermentation of different feed ingredient substrates was estimated and presented as a percentage of the total gas produced ( Table  5) . The ingredients were then classified as either low, medium or high methane producing substrates based on the method described by Ø rskov and McDonald (1979) ( Table  6 ). The lowest amounts of methane were produced after 72 h of incubation when corn bran, cottonseed meal and barley of the bran, vegetable protein and cereal groups, respectively, were used as fermentation substrates while using Korean wheat bran, imported soybean and perilla meals, and maize of the same respective groups resulted in the highest amounts of methane emitted. Methane production of different feed ingredients differs due to nutrient composition, grain type and processing, and digestibility. Qin et al. (2012) reported that wheat had relatively higher effective degradability of dry matter (EDDM), which was more rapidly fermented by ruminal microbes. Thus, having a higher methane production of wheat in this study may be attributed to EDDM. Moreover, low methane production of other feed ingredients might also be attributed to low EDDM and thus slow fermentation of ruminal microbes. Low EDDM might be due to the thickness of the protein matrix which coats starch granules, and this matrix is relatively difficult to be hydrolyzed by water and enzyme (McAllister et al., 1990; . Degradation of feed ingredients also depends on the distribution of starch granules within the kernel (Swan et al., 2006) . Qin et al. (2012) added that starch granules of wheat endosperms seem to be floury and have a relatively small particle size. Consequently, the smaller starch granules have a larger surface area available for microbial and enzymatic starch hydrolysis which results to rapid degradation. Bonhomme (1990) reported that increased methane emission can be observed as a result of the optimum symbiotic relationship between bacteria and protozoans and efficient exchange of hydrogen between these microorganisms. Furthermore, methane production is affected by the type of carbohydrate fed to the animals (Moe and Tyrrell, 1979) .
Among the groups investigated herein, cereals had the highest methane production. This might be attributed to the high contents of easily fermentable starches, sugars, or hemicelluloses as substrate to rumen microbes for gas production. Methane production of cereals group in this study was similar to that of grains reported by Lee et al. (2003). Both of these substrates contain high amounts of nitrogen free extract (NFE), which is readily fermented by microbes in the rumen and provides a large amount of substrates to microbes for methane production. Van Nevel and Demeyer (1977) stated that when soluble carbohydrates and starch-rich diets are fed to ruminants, the production of propionate increases and the methane production and the acetate:propionate ratio decreases. Lee et al. (2003) stated that crude fiber is an important component of methane production and that methane production decreased as the content of crude fiber increased. Cereals with the lowest crude fiber had the highest methane production in this study and the observation agrees with these reports.
In vitro fermentation using feed ingredients capable of different levels of methane production as substrate and PCR-DGGE profiling of bacteria and methanogens Based on the groups of feed ingredients established, mixtures of substrate containing members of the three groups of feed ingredients producing high (H), medium (M) and low (L) levels of methane were prepared and subjected to another in vitro fermentation experiment followed by correlation analysis of the fermentation parameters. The groups of mixed feed ingredients according to the level of methane production and their corresponding nutrient composition is given in Table 6 . The low methane production group had the highest NFE but the lowest methane production (Table 5) , followed by the medium and high methane production groups. A study of the effects of diet composition and intake on methane production conducted by Shibata (1992) showed that providing ruminants with feed containing carbohydrates and high protein levels had a negative effect on methane emission, while providing a diet rich in fiber resulted in an elevated volume of methane being produced. As shown in Table 7 , pH and A/P ratio were positively correlated with each other, while the correlations of these parameters with other parameters were found to be negative. Moreover, almost all correlations were significant (p<0.01, p<0.05), except that of pH with butyric acid. On the other hand, CH 4 production was positively correlated with almost all other fermentation parameters (p<0.01) except for pH and A/P ratio. NFE, TDN and ruminal fermentation have a directly proportional relationship. Thus, increased ruminal fermentation means reduced pH. The low methane group has high NFE and TDN and consequently reduced pH which inhibits methanogen's activity. According to Van Kessel and Russell (1996) , highly digestible carbohydrate undergoes rapid decomposition inside the rumen and causes a reduction in ruminal pH, which inhibits the activity of methane producing microorganisms and protozoa.
Trend analysis of methane production with respect to total volatile fatty acid production showed that the high methane producing group feed formulation (corn bran, rapeseed meal, coconut meal, wheat) had the highest correlation coefficient of 0.857, followed by the medium methane producing group (corn bran, perilla meal, imported soybean meal, maize) and low methane producing group (corn bran, palm kernel expeller, distillers dried grain, barley) mixtures, which had correlation coefficients of 0.823 and 0.720, respectively (Figure 1 ). Moreover, low methane producing group had the lowest methane production but higher VFA production than the medium methane producing group. On the other hand, the high methane producing group produced high methane as well as VFA production.
Feed intake and nutrient content are factors affecting methane production from carbohydrate degradation by rumen bacteria (Moe and Tyrrell, 1979) . Numerous microorganisms in the rumen use carbohydrates as an energy source, and 40% of the total gas produced in the fermentation process is carbon dioxide (McDonald et al., 1995) . Substrates such as acetate, methanol, and methylamine are utilized by most bacteria to generate methane from carbon dioxide and hydrogen (Miller et al., 1986) . PCR-DGGE was performed using the samples obtained from in vitro ruminal fermentation at 0, 24, and 48 h of incubation to identify possible changes in the population of bacteria and methanogens associated with variations in the composition of the substrate used. A total (Figure 2 ). All treatment groups (L, M, and H) had similar microbial diversity at 0 h. However, as the incubation time increased, variations in percent similarity were observed, such that microbial diversity at 24 and 48 h was more similar in the H and L groups than the M group. All groups produced four similar bands (6, 10, 12, and 16) at 0 h and 2 similar bands (9 and 13) at 24 and 48 h incubation. Band 3 was only observed in groups H and L at 24 and 48 h, while band 14 was only produced in groups M and L, and band 11 was only present in group H at the same incubation time. The nine sequenced bands showed 83% to 99% similarity to the genomes of bacterial strains in the GenBank database ( A total of 21 distinctive bands were detected from the PCR-DGGE profiles of groups L, M and H after 0, 24, and 48 h of incubation (Figure 3) . Profiles from each group exhibited multiple predominant bands that were largely common to all groups at different incubation times (bands 3, 5, 9, 10, 11, 13, 16, 17, and 21) . Low methane producing feed ingredients had the lowest similarity of methanogens when compared to other samples at 24 and 48 h of incubation. Eighteen were successfully cloned and Negative image and similarity index of bacterial 16S rRNA DGGE amplified using total genomic DNA extracted from in vitro fermenta of high, medium and low methane producing feed ingredients as substrate. Methanobrevibacter thaueri CW (U55236) 94 Figure 3 . Negative image and similarity index of archaeal 16S rRNA DGGE amplified using total genomic DNA extracted from in vitro fermenta of high, medium and low methane producing feed ingredients as substrate.
sequenced and found to have 92% to 100% similarity to sequences available in the GenBank database (Table 9) , representing Methanobrevibacter thaueri CW (U55236) (8 bands), M. millerae ZA-10 (AY196673) (6 bands), and M. smithii ATCC35061 (CP000678) (3 bands). According to Zhou et al., most of the sequences obtained from the DGGE bands observed from previous PCR-DGGE profiling analyses of the rumen ecosystem belonged to the genera Methanobrevibacter or Methanosphaera.
CONCLUSION
Methane production potential of different feed ingredients differs due to nutrient composition, grain type and processing, and digestibility. Methane emissions from ruminants can be mitigated through proper selection of feed ingredients to be used in the formulation of diets. Among feed formulations, low methane producing feed formulation is recommended due to its low methane but high NFE, TDN, and VFA production.
